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Introduction
Cardi ac arrhythmia triggered by hypoglycemia is thought to be the cause of the dead-in-bed syndrome in which young, otherwise healthy persons with diabetes die during sleep in an undisturbed bed.
1 It has been shown that both experimentally induced and spontaneous episodes of hypoglycemia cause prolongation of the QT interval notable on the electrocardiogram. [2] [3] [4] Prolongation of the QT interval is known as a surrogate biomarker associated with an increased risk of malignant arrhythmias. 5 Evidence shows that low serum potassium levels (hypokalemia) are indeed one of the mechanisms behind QT interval prolongation during hypoglycemia. 6, 7 In addition, hypokalemia has a profound effect on the heart and increases the risk of serious arrhythmias. 8 Hypokalemia may occur as a result of insulin therapy or because of adrenaline release during episodes of hypoglycemia, which both stimulate the uptake of potassium from the bloodstream.
9,10
The effect of hypoglycemia on potassium levels has been studied primarily using the hypoglycemic hyperinsulinemic clamp 4, 11 or hypoglycemia induced by an intravenous bolus of insulin. 9, 10 Results from such studies are, however, in nature difficult to apply to the spontaneous episodes of hypoglycemia experienced by a patient.
We propose a novel way to analyze the effect of hypoglycemia on potassium levels, namely a physiological model of potassium changes. Physiological models have the ability to synthesize information from many studies, making them suitable for simulations in a wide range of situations. Another advantage of such models is that they can provide a deeper understanding of the physiology. It was the aim of this study to develop and test a physiological model of potassium changes during hypoglycemia on the basis of known physiology and data from the literature.
Methods
The fall in plasma potassium concentration during hypoglycemia is governed by two mechanisms related to, respectively, an increased adrenaline concentration and an increased insulin concentration. 7 As the plasma potassium level falls below a certain threshold, the body initiates mechanisms to oppose the fall. These mechanisms are jointly called potassium counterregulation to hypokalemia as proposed by Minaker and colleagues. 12 An overview of plasma potassium regulation during hypokalemia is shown in Figure 1 . Figure 1 . Overview of plasma potassium regulation during hypoglycemia. Increased levels of insulin and adrenaline stimulate the influx of potassium. Low plasma potassium triggers the potassium counterregulation to hypoglycemia, causing an increased efflux of potassium.
An intracellular compartment was not included in the current model for two reasons. First, the intracellular compartment contents of potassium are 15-20 times larger than the extracellular compartment contents. Second, the equilibrium is seen to depend very little on the intracellular concentration. 8 It was assumed that insulin and adrenaline were the only effects causing potassium levels to fall during hypoglycemia. In addition, it was assumed that the potassium counterregulation to hypokalemia depended only on the plasma potassium concentration and was the only factor causing an increased potassium efflux.
Potassium uptake after meals, renal excretion of potassium, and hepatic uptake and release of potassium were not included explicitly in the model because available data did not allow for these effects to be modeled separately.
On the basis of the aforementioned assumptions, the model for changes in the plasma potassium concentration during hypoglycemia is described by Equation (1):
(1)
In the following three components of the model, f 1 (the potassium counterregulation to hypokalemia), f 2 (uptake of potassium due to insulin), and f 3 (uptake of potassium due to adrenaline) are described. All data used for building the model were from healthy subjects. In addition, most of the studies only used male subjects.
Data from Minaker and Rowe 12 showed a tendency toward exponential development, but considering both data sets, a linear relationship was chosen. The two negative rates in Figure 2 are both from a single clamp from Minaker and Rowe. 12 This clamp did not have the largest fall in potassium the first 30 minutes, unlike all the other clamps from both Minaker and Rowe 12 and DeFronzo and colleagues.
13 Therefore, the subsequent falls in potassium resulted in negative rates for this clamp.
Hence by fitting data points extracted from DeFronzo and colleagues 13 and Minaker and Rowe, 12 the potassium counterregulation to hypokalemia, f 1 , could be described by Equation (2):
Because f 1 is only expressing the potassium counterregulation to hypokalemia, the function is, by definition, positive and hence equal to zero when K + >4.1 mmol/liter, as values above 4.1 mmol/liter will produce negative rates.
Insulin-Induced Potassium Uptake-f 2
The insulin-induced uptake of potassium from plasma, f 2 , was also estimated using data from Minaker and Rowe 12 and DeFronzo and colleagues. 13 The steady-state insulin levels during the different clamps ranged from 37 to 1191 mU/liter 12-14 and provided a good basis for estimating the effect of different insulin levels on the plasma potassium. As explained previously, the mean potassium gradient during the first 30 minutes of each clamp, ΔK + i , was assumed to be caused by insulin alone. Thus data points for estimating f 2 were obtained by pairing the ΔK + i for each clamp with its steady-state insulin concentration.
Data points, along with an exponential fit, are shown in Figure 3 . Data points in Figure 3 indicate that the two studies produce two different curves. The difference could be caused by differences in study population, design, and/or analytical procedures.
A negative exponential function [Equation (3)] was fitted to data points, as also shown in Figure 3 .
In Equation (3), f 2 is constrained to positive rates as we only model the potassium-lowering effect of insulin. Therefore, the rate is equal to zero where the fit would otherwise predict a negative rate.
In studies where subjects suffered from a condition or disease or where the effects of a drug were tested, only the control and/or placebo group was used to fit model parameters unless otherwise stated.
Potassium Counterregulation to Hypokalemia-f 1
The potassium counterregulation to hypokalemia was modeled using data from euglycemic hyperinsulinemic glucose clamp studies as described elsewhere.
12,13 Since this procedure is not expected to produce any change in the adrenaline concentration, the effect of adrenaline was disregarded.
The function f 1 was estimated using the measured potassium during six clamps from Minaker and Rowe 12 and five clamps from Defronzo and colleagues. 13 The change in potassium concentration during the clamps clearly indicated an initial steep gradient, which gradually got smaller with a decreasing plasma potassium concentration. This was interpreted as counterregulation, increasing as potassium decreased.
For each clamp, the mean potassium gradient during the first 30 minutes, ΔK + i , was assumed to be caused by insulin alone with no presence of potassium counterregulation. The remaining 90 minutes of the clamp were divided into parts of 30 minutes. For each of these parts a mean gradient was calculated, and the difference between this mean gradient and ΔK + i expressed the magnitude of the potassium counterregulation. By pairing the magnitude of potassium counterregulation with the corresponding mean potassium level, three data points for each clamp were obtained. In Figure 2 the data points for estimating f 1 are shown along with a linear fit. 
Adrenaline-Induced Uptake of Plasma Potassium-f 3
The adrenaline-induced uptake of potassium, f 3 , was modeled using data obtained elsewhere. 11, [15] [16] [17] In all studies, adrenaline was infused either at one or at different rates and plasma potassium was measured, thus giving the opportunity to estimate the effect of adrenaline alone on potassium.
To be able to isolate the effect of adrenaline, f 3 was isolated from Equation (1). This is shown in Equation (4):
In three of the studies, 11, 16, 17 adrenaline was infused at different rates for at least 1 hour and it was assumed that potassium had reached steady state, implying ΔK + /Δt = 0. Therefore, the effect of adrenaline could be estimated using Equation (2) and Equation (5):
Insulin concentrations were measured only in the study by Gordon and colleagues 15 where they did not change significantly from baseline during the different infusions. It was, therefore, assumed that the insulin concentration in the three other studies was 19 mU/liter, which was the mean insulin level from Gordon and associates. 15 In the study by Gordon and associates, 15 adrenaline was infused at increasing rates, with each infusion rate maintained for 30 minutes. Because the potassium steady state cannot be assumed after 30 minutes of infusion, 18 data points from Gordon and colleagues 15 were not extracted using Equation (5). Instead the potassium concentration measured every 30 minutes was differentiated, which enabled ΔK + /Δt to be estimated. The corresponding adrenaline level, insulin level, and degree of potassium counterregulation were determined by interpolating between the two points used in the differentiation.
The calculation of f 3 is shown in Equation (6), where "i" indicates a measurement and "i + 1" is the next measurement taken 30 minutes after "i".
(6) Data points for estimating f 3 , along with a linear fit of data [Equation (7)], are shown in Figure 4 .
As with f 2 , f 3 is constrained to positive values and set to zero where the function would otherwise produce a negative result. 
Model Implementation
The model was implemented in MATLAB version 7.7.0.471 (MathWorks, Natick, MA), and a fourth-order Runge-Kutta algorithm was used for numerical simulation of the model. All simulations were carried out using measured values of insulin and adrenaline if
The clamps with potassium infusion were not used and neither was the hypoglycemic clamp without atenolol, as adrenaline measurements for this clamp were not available. Insulin was only measured at baseline and at the end of the clamps. Because fixed insulin infusions (80 mU/m 2 /kg) were used from baseline to the end of the clamps, it was assumed that the insulin concentration was constant throughout the clamps. Results of simulating the clamps from Robinson and associates 4 are shown in Figures 6 and 7. applicable. Baseline measurements of plasma potassium were used as the initial potassium concentration in the simulations. If a baseline measurement of potassium was not available, the first measurement in the data series was used as the baseline.
Model Evaluation
Model simulations were evaluated using the root mean squared error (RMSE) and normalized RMSE (NRMSE). Only data points at times where measurements of plasma potassium were available were used to calculate the RMSE. Baseline measurements were not used in calculations of the RMSE. Equation (8) and Equation (9) show the calculations of RMSE and NRMSE, respectively.
In addition to RMSE and NRMSE, the difference in nadir (DIN) between measured and simulated plasma potassium was also calculated as a direct measure of the ability of the model to simulate the degree of hypokalemia. DIN was calculated as shown in Equation (10):
Results
The developed model was tested on data obtained elsewhere. 4, 10, 19 In the study by Petersen and associates, 10 hypoglycemia was induced in healthy subjects by an intravenous bolus of porcine insulin (0.1 U/kg) with oral administration of either propranolol or a placebo. Potassium was measured in serum instead of plasma in this study but concentrations were assumed equivalent. Simulation of plasma potassium under the administration of propranolol was done by setting f 3 = 0, as propranolol eliminates the effect of adrenaline. The result of simulating plasma potassium, along with the measured serum potassium levels, is shown in Figure 5 .
Robinson and colleagues
4 performed euglycemic and hypoglycemic clamps in a study with and without potassium infusion, as well as with and without atenolol. Beretta-Piccoli and colleagues 19 used the oral glucose tolerance test (OGTT) on 10 normal subjects and measured both insulin and potassium. Adrenaline was not measured, but because hypoglycemia was not induced in this study, the effect of adrenaline was disregarded in the simulations. Simulation of experimental data from Beretta-Piccoli and colleagues 19 is shown in Figure 8 . Table 1 shows the RMSE, NRMSE, and DIN of the simulations of plasma potassium in the three studies.
Discussion
This article describes to the authors' knowledge the first published attempt to simulate changes in plasma potassium using a physiological model. In general, the ability of the model to simulate potassium was good, as indicated by the mean values of RMSE and NRMSE of 0.11 mmol/liter and 17%, respectively. The ability to simulate the degree of hypokalemia expressed by the DIN varied in the tests from 0.01 to 0.3 mmol/liter with a mean of 0.14 mmol/liter.
A closer look at the result from the test in Figure 5 reveals that the model underestimates the effect of both insulin and adrenaline, resulting in a large DIN of 0.3 and 0.12 mmol/liter for placebo and propranolol, respectively. A possible explanation is that the model is built on data from continuous infusions and thus simulates the effect of insulin and adrenaline as if the plasma concentrations were in steady state. However, an intravenous injection of insulin as used in the test gives a large transient rise in insulin, which means that the effect on plasma potassium is possibly different. The same applies to the adrenaline concentration, which increases rapidly as a consequence of the sudden severe hypoglycemia. Data from Defronzo and colleagues 13 show that a large rise in insulin during the first 10 minutes causes a greater fall in potassium compared to the subsequent 10 minutes, which indicates that a sudden rise in insulin has a different effect than continuous infusion.
In the tests using euglycemic (Figure 6 ) and hypoglycemic (Figure 7 ) clamps, the model overestimated the effect of insulin and adrenaline, although the performance of the model in general is better than in the test using an intravenous bolus of insulin. Indeed the intravenous bolus of insulin and the hyperinsulinemic clamp represent two extremes. While the former has large transient rises in insulin and adrenaline, the latter maintains the same concentrations for extended periods of time. It is thus no surprise that the model performs differently when tested on data from these two study designs. The test on data from the OGTT in Figure 8 shows that the model simulates the effect of endogenous insulin secretion on plasma potassium very well, with a DIN of 0.01. The goal in insulin therapy is to mimic the endogenous insulin secretion, and in this respect it is more important that the model be able to simulate potassium during an OGTT than from an intravenous injection of insulin.
In general, tests show that the model is able to simulate the potassium concentration in several clinical settings with an overall good performance. However, a significant issue is the small number of hypoglycemic episodes in the test set. It will be necessary to test the model using more episodes of hypoglycemia to establish the ability of the model to simulate potassium during episodes of hypoglycemia.
Several factors, such as blood pH and certain drugs, are known to affect the potassium level 8 but were not included in the model for complexity reasons. Renal function was not included in the model either, although the kidney plays a major role in potassium homeostasis. The reaction time for the kidney is, however, measured in hours and days so its effect is limited when considering changes in potassium during hypoglycemia.
20
The performance of the model might suffer from the fact that the physiological mechanisms regulating plasma potassium are not included directly in the model. It is known that both insulin and adrenaline cause an uptake of potassium through activation of the membrane (Na A possible limitation of the model is that it is developed and tested on data from healthy subjects, as data from diabetes subjects were unavailable. There is, however, no clear indication that the effect of either insulin or adrenaline on plasma potassium should be different in people with diabetes. Lee and associates 23 investigated changes in potassium during induced hypoglycemia in both normal subjects and subjects with diabetes. They found that normal subjects had a larger fall in potassium but that it was attributed to the higher concentrations of adrenaline seen in normal subjects as compared to subjects with diabetes.
The presented model is a first step toward a method for estimating the potassium-lowering effect of hypoglycemia and thus to predict when hypoglycemia can lead to hypokalemia. It is necessary to further evaluate the model using more physiologically correct data. Such data could include spontaneous hypoglycemia or, alternatively, subcutaneously induced hypoglycemia, preferably from subjects with diabetes.
Conclusion
A model for simulating plasma potassium during hypoglycemia was developed and comprised three components: potassium counterregulation to hypokalemia, insulin-induced potassium uptake of potassium, and adrenaline-induced uptake of potassium. The model was developed and tested on data available from the published literature. Evaluations of the ability of the model to simulate plasma potassium resulted in a mean root mean squared error of 0.11, a mean normalized root mean squared error of 17%, and a mean difference in nadir between measured and simulated potassium of 0.14 mmol/liter. Because the test set consisted of a limited number of hypoglycemic episodes, further tests should be carried out to substantiate the ability of the model to simulate potassium during hypoglycemia. The model is a first step toward being able to estimate the risk of hypokalemia in diabetes and presents a novel view on potassium regulation during hypoglycemia. Additional development and tests of the presented model are subjects of further research.
